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ABSTRACT  We  make  direct  observations  of  localized  light  absorption  in  a  ^ 

single  nanostructure  irradiated  by  a  strong  femtosecond  laser  field,  by  developing  ^^^^■fiUiiaiiSaiaiirlmnrr* 

and  applying  a  technique  that  we  refer  to  as  plasma  explosion  imaging.  By 
imaging  the  photoion  momentum  distribution  resulting  from  plasma  formation  in 
a  laser-irradiated  nanostructure,  we  map  the  spatial  location  of  the  highly 
localized  plasma  and  thereby  image  the  nanoscale  light  absorption.  Our  method 
probes  individual,  isolated  nanoparticles  in  vacuum,  which  allows  us  to  observe 
how  small  variations  in  the  composition,  shape,  and  orientation  of  the  nanostructures  lead  to  vastly  different  light  absorption.  Here,  we  study  four  different 
nanoparticle  samples  with  overall  dimensions  of  '--100  nm  and  find  that  each  sample  exhibits  distinct  light  absorption  mechanisms  despite  their  similar 
size.  Specifically,  we  observe  subwavelength  focusing  in  single  NaCI  crystals,  symmetric  absorption  in  TiOj  aggregates,  surface  enhancement  in  dielectric 
particles  containing  a  single  gold  nanoparticle,  and  interparticle  hot  spots  in  dielectric  particles  containing  multiple  smaller  gold  nanoparticles.  These 
observations  demonstrate  how  plasma  explosion  imaging  directly  reveals  the  diverse  ways  in  which  nanoparticles  respond  to  strong  laser  fields,  a  process 
that  is  notoriously  challenging  to  model  because  of  the  rapid  evolution  of  materials  properties  that  takes  place  on  the  femtosecond  time  scale  as  a  solid 
nanostructure  is  transformed  into  a  dense  plasma. 
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The  interaction  of  strong  (>  1 0^ ^  W/cm^) 
laser  fields  with  bulk  materials  has 
widespread  applications,  including 
precision  machining  on  the  submicrometer 
scale,^  green  synthesis  of  nanoparticles,^  and 
the  production  of  high-energy  electrons,  ions, 
and  photons.^  Nanoscale  structures  can  lo¬ 
cally  enhance  a  laser  field,  often  by  many 
orders  of  magnitude,'*  facilitating  the  genera¬ 
tion  of  strong  laser  fields  that  are  localized  on 
the  nanometer  scale,  thus  paving  the  way  for 
breakthrough  techniques  and  technologies. 
For  example,  gold  nanoparticles  are  being 
designed  to  seek  out  cancerous  tumors  in 
the  body  and,  when  irradiated  with  a  femto¬ 
second  laser,  produce  shock  waves  that  de¬ 
stroy  the  tumor  with  minimal  damage  to 
nearby  tissues.^'®  Additionally,  several  pre¬ 
liminary  experiments  have  demonstrated 


the  ability  of  laser-irradiated  nanostructures 
to  accelerate  electrons,  suggesting  that  nano¬ 
materials  may  enable  the  fabrication  of  min¬ 
iaturized  particle  accelerators.^^ However, 
transforming  these  proof-of-principle  con¬ 
cepts  into  practical  technologies  requires  an 
advanced  understanding  of  how  nanostruc¬ 
tures  respond  to  light  fields  that  are  near  the 
damage  threshold. 

For  laser  intensities  approaching  and 
exceeding  the  damage  threshold  {'-3  x 
10*^  W/cm^  for  glass'*  and  roughly  similar 
for  most  other  dielectric  materials)  the  inter¬ 
action  of  femtosecond  laser  pulses  with 
bulk  materials  is  a  complex  process  that  is 
extremely  challenging  to  model.  The  diffi¬ 
culties  stem  largely  from  the  fact  that  the 
laser  pulse  modifies  the  optical  properties 
of  the  material  on  the  femtosecond  time 
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Figure  1.  (a)  Experimental  apparatus  for  observing  plasma  explosion  imaging  in  single  nanostructures.  The  nanoparticle 
aerosol  is  introduced  into  the  high-vacuum  chamber  by  an  aerodynamic  lens  that  produces  a  collimated  beam  of 
nanoparticles.  The  nanoparticle  beam  is  crossed  with  a  tightly  focused  40  fs  laser  pulse  that  interacts  with  a  single 
nanoparticle,  (b)  When  the  nanoparticle  encounters  a  region  of  high  laser  intensity  (>10^'*  W/cm\  it  is  completely 
transformed  into  a  plasma  that  then  ejects  ions  in  all  directions.  (The  apparent  lack  of  ions  in  the  center  of  the  detector  is 
a  result  of  an  inhomogeneous  detector  response.)  (c)  When  the  particle  encounters  a  region  of  low  laser  intensity,  a  plasma  is 
formed  only  in  a  localized  region  of  the  particle,  and  ions  are  ejected  in  a  specific  direction  that  depends  on  the  structure, 
composition,  and  orientation  of  the  particle.  The  photoions  are  collected  by  a  velocity-map-imaging  spectrometer  and 
provide  information  about  the  localized  electric  fields  in  the  nanoparticle. 


scale,'^  requiring  a  model  that  incorporates  the  prop¬ 
erties  of  the  laser  field,  the  solid  material,  and  the  newly 
formed  plasma.  Materials  that  exhibit  nanoscale  struc¬ 
ture  present  a  further  challenge  because  features 
smaller  than  the  wavelength  of  the  light  can  enhance 
the  electric  field  on  the  nanometer  scale,  and  this  effect 
depends  strongly  on  the  exact  size,  shape,  and 
composition  of  the  particle.  For  example,  past  work 
harnessed  the  ability  of  nanostructured  targets  to 
efficiently  absorb  laser  light  to  create  bright  soft 
X-ray  sources,^^  but  the  detailed  mechanisms  of  this 
enhancement  could  not  be  understood  in  detail  be¬ 
cause  of  the  complexity  of  the  interaction.  Thus,  there 
is  a  pressing  need  for  new  methods  that  can  provide 
direct  insight  into  how  nanomaterials  interact  with 
laser  fields. 

Direct  observation  of  nanostructures  irradiated  with 
intense  laser  fields  presents  several  experimental  hur¬ 
dles.  First,  when  exposed  to  intense  laser  fields,  nano¬ 
structures  are  damaged,  and  thus  a  fresh  sample  is 
required  for  each  laser  shot.  Second,  nanomaterial 
samples  are  rarely  homogeneous,  often  varying  widely 
in  size,  shape,  composition,  and  surface  roughness. 
Even  small  variations  in  the  morphology  of  a  nano¬ 
structure  can  have  a  dramatic  effect  on  how  the 
nanostructure  responds  to  incident  light  fields.  When 
particles  of  different  sizes  and  shapes  are  probed 
simultaneously,  these  variations  are  obscured.  Finally, 
the  orientation  of  asymmetric  nanoparticles  relative  to 


the  laser  propagation  and  polarization  can  dramati¬ 
cally  influence  how  they  interact  with  the  light  field. 

Here  we  utilize  a  method  that  overcomes  the  experi¬ 
mental  hurdles  by  imaging  the  localized  nanoscale  plas¬ 
ma  that  is  created  when  an  isolated  nanostructure  is 
irradiated  with  a  short  (40  fs),  strong  (~3  x  10’^  W/cm^) 
laser  pulse.  Instead  of  working  with  nanoparticles 
suspended  in  liquid  solution  or  deposited  on  a  surface, 
we  employ  a  flowing  aerosol  of  nanoparticles  (Figure  1 ) 
that  provides  a  fresh  nanoparticle  for  every  laser  shot, 
thereby  allowing  us  to  use  well-established  angle- 
resolved-photoion-spectroscopy  techniques.'"*^^®  De¬ 
spite  probing  only  a  single  nanoparticle  each  laser 
shot,  many  particles  can  be  probed  each  second 
through  the  use  of  a  high-repetition-rate  femtosecond 
laser  (1  kHz  in  this  study). 

A  key  aspect  of  our  approach  is  the  use  of  laser 
intensities  slightly  below  the  plasma  formation  thresh¬ 
old  of  the  bulk  material,  to  create  a  localized  nano¬ 
plasma  only  within  a  specific  region  of  a  nanostructure. 
This  method  contrasts  with  previous  studies,^°''® 
which  used  laser  intensities  high  enough  to  field-ionize 
the  entire  nanoparticle,  creating  a  uniform  plasma 
throughout  the  particle.  Despite  using  laser  intensities 
below  the  plasma  formation  threshold,  we  can  observe 
localized  plasma  formation  in  the  nanoparticles.  The 
formation  of  plasma  at  low  laser  intensities  occurs 
because  of  nanoscale  field  enhancements,  whereby 
the  nanoparticle  itself  enhances  the  laser  field  in 
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localized  regions.  Thus,  while  the  average  laser  inten¬ 
sity  is  below  the  plasma  formation  threshold,  some 
regions  of  the  nanoparticle  can  experience  light  fields 
higher  than  threshold,  and  a  plasma  will  be  formed 
only  in  these  regions  of  the  nanoparticle.  The  heated 
plasma  is  rapidly  ejected  outward  from  the  surface  of 
the  nanoparticle,  producing  ions  with  momenta  that 
point  to  the  location  of  the  plasma  in  the  nanoparticle. 
By  observing  the  momenta  of  the  ejected  ions,  we  can 
determine  the  location  of  the  plasma  in  the  nanopar¬ 
ticle.  We  record  a  two-dimensional  projection  of  the 
three-dimensional  angular  distributions  of  the  ions 
using  an  angle-resolved  imaging  detector.  We  refer 
to  this  technique  as  plasma  explosion  imaging  and 
show  how  it  can  be  used  to  gain  insight  into  the 
unusual  light-absorbing  properties  of  nanomaterials. 

Using  this  new  approach,  we  observe  dramatic 
differences  in  how  nanoparticles  of  different  composi¬ 
tions  and  shapes  respond  to  intense  laser  fields.  Spe¬ 
cifically,  we  observe  subwavelength  focusing  in  NaCI 
and  symmetrical  absorption  in  aggregates  of  Ti02 
particles,  as  well  as  highly  localized  light  absorption 
in  gold— dielectric  hybrid  nanostructures.  Surprisingly, 
we  find  that  we  can  model  light  absorption  in  this 
strong-held  regime  using  the  finite-difference  time- 
domain  (FDTD)  method,  which  has  seen  great  success 
in  modeling  low-intensity-light— nanoparticle  interac¬ 
tions.  This  agreement  suggests  that  many  of  the  useful 
nanoscale  optical  effects  that  exist  at  low  laser  inten¬ 
sities  (such  as  subwavelength  focusing  and  plasmonic 
effects)  will  extend  into  the  near-damage-threshold 
regime,  where  they  are  expected  to  begin  to  break¬ 
down.  By  demonstrating  the  nano-optical  effects  pres¬ 
ent  at  laser  intensities  near  and  above  the  material 
damage  threshold,  we  pave  the  way  for  future  devel¬ 
opments  that  use  the  unique  ability  of  nanoparticles  to 
absorb,  scatter,  and  focus  light  in  the  regime  laser 
intensities  above  the  damage  threshold. 

RESULTS  AND  DISCUSSION 

A  complete  description  of  the  sample  preparation 
and  experimental  apparatus  is  found  in  the  Methods 
section.  To  perform  photoion  spectroscopy  on  isolated 
nanostructures,  we  employ  an  aerodynamic  lens,^^^'® 
which  produces  a  collimated  beam  of  nanoparticles 
from  a  nanoparticle  aerosol  but  leaves  the  carrier  gas 
divergent.  A  skimmer  then  allows  us  to  achieve  a  high- 
concentration  beam  of  nanoparticles  while  maintain¬ 
ing  high  vacuum  (1  x  mbar)  in  the  photoion 
spectrometer.  The  particle  beam  is  irradiated  with 
tightly  focused,  intense  (~3  x  10^^  W/cm^),  785  nm, 
40  fs  laser  pulses.  Because  of  the  tight  focusing  of  the 
laser  and  the  narrow  width  of  the  particle  beam,  the 
volume  of  the  interaction  region  is  only  1 0^^  cm^  (see 
Methods).  Since  the  particle  density  is  ~1 0^  particles/cm^ 
only  one  laser  shot  in  ~100  will  hit  a  nanoparticle,  and 
those  that  do,  typically  hit  only  one  particle. The  photoions 


produced  from  the  laser-irradiated  nanoparticles  are 
collected  by  a  velocity-map-imaging  (VMI)  photoion 
spectrometer,’'*^'®''®^^'  which  produces  images  of  the 
ion  momentum  distribution. 

To  develop  a  broad  understanding  of  how  nano¬ 
structures  of  different  shape  and  size  interact  with  laser 
fields  near  the  damage  threshold,  we  prepared  a  range 
of  nanoparticle  aerosols  starting  with  four  different 
aqueous  solutions:  NaCI,  ~5  nm  Ti02  nanoparticles, 
50  nm  gold  nanospheres,  and  1 7  nm  gold  nanospheres. 
The  nanoparticle  aerosols  were  generated  from  aque¬ 
ous  solutions  using  a  compressed-gas  atomizer,  which 
produces  droplets  with  an  average  diameter  of  ~1  fim. 
Before  entering  the  vacuum  chamber,  the  droplets 
evaporate  to  leave  single  crystals  (when  using  a  salt 
solution)  or  aggregated  nanostructures  (when  using  a 
colloidal  solution)  consisting  of  one  or  more  nanoparti¬ 
cles.  The  concentration  of  the  material  in  solution 
determines  the  average  diameter  of  the  crystals  (or 
the  average  number  of  nanospheres  per  aggregate). 

To  understand  the  morphology  of  the  various  nano¬ 
structures,  we  performed  transmission  electron  micro¬ 
scopy  (TEM)  on  nonirradiated  nanostructures  collected 
at  the  exact  point  where  they  would  be  probed  by  the 
laser.  The  TEM  images  (Figure  2)  reveal  that  the  nano¬ 
structures  that  emerge  from  the  aerodynamic  lens  are 
often  quite  different  from  the  structures  that  exist  in 
the  solution  phase.  The  NaCI  solution  produces  parti¬ 
cles  with  an  average  diameter  of  ~  100  nm  (Figure  2a). 
Since  crystal  faces  are  clearly  visible  in  many  of  the 
particles,  we  conclude  that  most  of  the  nanoparticles 
are  single  crystals  of  NaCI,  consistent  with  previous 
studies  of  salt  aerosols.^^  The  Ti02  particles  present 
as  50—100  nm  aggregates  of  ~5  nm  Ti02  particles 
(Figure  2b).  The  aggregates  form  because  many  ~5  nm 
Ti02  crystals  are  present  in  a  single  droplet.  As  the 
droplet  evaporates,  the  nanoparticles  clump  into  larger 
aggregates. 

The  morphology  of  the  aerosol  particles  generated 
from  the  aqueous  solutions  of  gold  nanospheres  is 
surprising;  heterogeneous  nanostructures  are  clearly 
seen  in  the  TEM  images  (Figure  2c  and  d).  For  the 
solution  of  50  nm  gold  nanospheres,  the  aerosol  parti¬ 
cles  typically  consist  of  one  50  nm  gold  nanosphere 
embedded  near  the  surface  of  a  ~100  nm  sphere  of 
lower  density  material.  The  low-density  material  is  poly¬ 
vinylpyrrolidone  (PVP),  an  organic  polymer  that  is  added 
to  the  solution  by  the  manufacturer  in  a  similar  con¬ 
centration  to  that  of  the  nanospheres  and  serves  to  keep 
the  nanospheres  dispersed  in  solution. 

The  solution  of  17  nm  gold  nanospheres  also  dis¬ 
plays  a  heterogeneous  morphology  with  gold  spheres 
imbedded  in  PVP  (Figure  2d).  However,  the  number 
concentration  of  the  gold  nanospheres  is  much  higher, 
and  the  aerosol  particles  generated  from  this  solution 
often  contain  10  or  more  gold  nanospheres.  Thus, 
while  the  composition  of  the  17  and  50  nm  gold 
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Figure  2.  TEM  images  of  nanoparticles  collected  at  the 
interaction  region,  (a)  The  aqueous  NaCI  solution  evapo¬ 
rates  to  form  single  crystals,  (b)  The  solution  of  Ti02 
nanoparticles  produces  50  100  nm  diameter  aggregates 
of  ~5  nm  particles,  (c)  The  solution  of  50  nm  gold  nano¬ 
particles  produces  hybrid  nanostructures  consisting  of  a 
single  gold  nanoparticle  residing  near  the  surface  of  a 
sphere  of  polyvinylpyrrolidone  (PVP).  (d)  The  solution  of 
17  nm  gold  nanoparticles  also  generates  hybrid  gold  PVP 
nanostructures,  but  these  nanostructures  contain  numer¬ 
ous  17  nm  gold  nanospheres. 

nanospheres  samples  is  similar  in  aqueous  solution, 
the  aerosol  particles  display  starkly  different  morphol¬ 
ogies.  Interestingly,  for  both  the  50  and  17  nm  gold 
nanosphere  samples,  the  gold  nanospheres  are  almost 
invariably  located  toward  the  outside  of  the  PVP 
nanosphere. 

As  shown  in  Figure  1,  a  collimated  beam  of  nano¬ 
structures  is  introduced  into  the  VMI  spectrometer  via 
the  aerodynamic  lens,  and  individual  nanostructures 
are  probed  with  femtosecond  laser  pulses.  Though  the 
focused  laser  has  a  Gaussian  intensity  profile,  the  full- 
width  at  half-maximum  is  on  the  order  of  20 /<m,  which 
is  very  large  compared  to  the  ~1 00  nm  dimensions  of 
the  nanostructures  used  in  this  study  and  means  that 
each  particle  experiences  a  nearly  homogeneous  elec¬ 
tric  field.  When  the  laser  intensity  exceeds  ~5  x  10^^ 
W/cm^  the  laser  delivers  enough  energy  to  create  a 
plasma  in  the  entire  nanoparticle  (Figure  lb).  In  con¬ 
trast,  at  intensities  near  3  x  lO'^  W/cm^  a  plasma  is 
formed  only  in  a  small  region  of  the  particle  (Figure  Ic). 
Since  it  is  these  "localized  plasma"  cases  that  provide 
information  about  the  local-field  enhancement,  they 
are  the  focus  of  this  work.  Creating  primarily  localized 
plasmas  is  achieved  by  keeping  the  laser  intensity  in  a 
range  such  that  only  the  most  intense  regions  of  the 
laser  focus  are  capable  of  creating  a  plasma  in  a 
nanoparticle. 

The  mechanism  for  plasma  formation  in  solid- 
density  materials  irradiated  with  femtosecond  pulses 
near  the  damage  threshold  is  typically  described  as  an 


avalanche  ionization  process.^^^^^  First,  a  few  free 
electrons  are  generated  through  multiphoton  or  tun¬ 
nel  ionization  of  the  material  (for  conductors,  free 
electrons  already  exist  in  the  material).  Next,  these  free 
electrons  are  driven  by  the  strong  laser  field  and  can 
reach  kinetic  energies  exceeding  the  ionization  thresh¬ 
old.  When  an  electron  impacts  an  atom,  it  can  remove 
one  or  more  electrons  through  electron  impact  ioniza¬ 
tion.  The  newly  liberated  electrons  can  then  cause 
more  ionization  in  an  avalanche  process.  Both  the 
initial  ionization  process  and  the  avalanche  ionization 
process  scale  exponentially  with  laser  intensity,^®  and, 
therefore,  a  small  increase  in  the  laser  intensity  in 
certain  regions  of  the  nanoparticle  can  have  a  very 
large  effect  on  the  ionization  rate  and,  in  turn,  deter¬ 
mine  if  complete  breakdown  of  the  material  will  occur. 

Given  the  field-driven  avalanche  breakdown  mech¬ 
anism,  it  is  conceivable  that  any  ionization  within 
the  nanoparticle  would  create  free  electrons,  which 
could  then  ionize  neighboring  atoms,  initiating  rapid 
ignition  over  the  entire  nanostructure.  Flowever,  the 
excursion  distance  of  a  free  electron  driven  by  a 
785  nm  laser  field  at  an  intensity  of  5  x  lO’^  W/cm^ 
is  only  ~1  nm.  In  addition,  we  estimate  the  plasma 
temperature  to  be  ~5  eV,'®  which  does  not  provide  the 
thermal  electrons  enough  kinetic  energy  to  propagate 
more  than  a  few  nanometers  during  the  laser  pulse. 
Consequently,  the  free  electrons  cannot  travel  to  all 
regions  of  a  ~1 00  nm  nanoparticle  during  the  duration 
of  the  laser  pulse.  Rather,  at  intensities  near  the 
damage  threshold,  avalanche  breakdown  stays  loca¬ 
lized  near  the  region  of  initial  ionization,  which  is  the 
region  that  experienced  the  highest  local  field.  Thus, 
the  physical  location  of  the  localized  plasma  serves  as  a 
map  of  the  locally  enhanced  laser  field  that  caused  the 
avalanche  breakdown. 

After  the  laser  pulse  is  over  {<0.1  ps),  the  region  of 
localized  plasma  rapidly  expands  on  the  picosecond 
time  scale,  attempting  to  eject  ions  in  all  directions.'® 
However,  those  ions  that  are  launched  inward  (toward 
the  undamaged  material)  cannot  penetrate  the  ma¬ 
terial  (because  of  their  low  kinetic  energy)  and  do  not 
reach  the  detector.  We  observe  only  ions  that  are 
launched  away  from  the  undamaged  regions  of  the 
nanostructure.  As  a  result,  we  can  interpret  the  angular 
features  in  the  photoion  momentum  distribution  as  a 
direct  result  of  spatial  location  of  the  localized  plasma 
in  the  nanostructure.  The  photoelectrons  can  provide 
similar  information  to  the  photoions  (see  Supporting 
Information,  Figure  SI ),  but  with  somewhat  less  resolu¬ 
tion  due  to  the  increased  scattering  of  the  electrons 
compared  to  the  ions.  Thus,  we  choose  to  focus  on 
the  photoions  in  this  study.  Using  mass  spectros¬ 
copy  (Figure  S2),  we  confirm  that  the  photoions 
that  reach  the  detector  are  primarily  from  the  nano¬ 
particles  and  not  from  other  sources,  such  as  the 
background  gas. 
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Figure  3.  Photoion  angular  distributions  from  individual  nanostructures  show  ions  ejected  in  different  directions.  The  laser 
propagates  from  left  to  right  and  is  polarized  in  the  vertical  direction,  although  no  polarization  dependence  is  observed  in  this 
study,  (a  f)  The  photoions  from  00  nm  NaCI  crystals  are  ejected  in  the  laser  propagation  direction,  suggesting  a  focusing 
effect,  (g  I)  The  ions  from  Ti02  aggregates  are  typically  centered  around  zero  kinetic  energy,  indicating  mostly  symmetric 
plasma  formation,  (m  r)  Photoions  from  50  nm  gold  nanoparticles  imbedded  in  a  larger  PVP  sphere  eject  ions  with  directions 
that  depend  on  the  orientation  of  the  nanostructure,  (s  x)  Photoions  from  1 7  nm  gold  PVP  nanostructures  eject  ions  in  the 
direction  opposite  of  the  laser  propagation,  indicating  absorption  of  laser  energy  on  the  front  (illuminated)  side  of  the 
nanoparticle.  The  averaged  images  (f,  I,  r,  x)  correspond  to  70,  869, 419,  and  108  particles,  respectively,  and  reveal  general 
trends,  but  conceal  the  diversity  of  the  individual  particles,  especially  in  the  case  of  the  50  nm  gold  sample. 


For  all  of  the  nanostructure  samples  investigated,  we 
observe  considerable  hit-to-hit  variations  in  the  photo¬ 
ion  angular  distributions  (Figure  3),  reflecting  the 
differences  in  the  shape,  composition,  and  orientation 
of  the  particles.  Despite  the  hit-to-hit  variations,  we  can 
easily  spot  general  trends  in  the  direction  of  ion 
ejection  in  the  four  samples  presented  here.  These 
trends  are  summarized  in  Figure  3  and  confirmed  via 
the  center-of-mass  distributions  presented  in  Figure  4. 
To  understand  the  physical  origin  of  the  localized  light 
absorption  in  each  nanostructure,  finite-difference 
time-domain  methods  were  used  to  simulate  the  inter¬ 
action  of  785  nm  femtosecond  pulses  with  the  nano¬ 
materials  (Figure  5  and  Methods  for  details).  Figure  6 
presents  a  summary  of  the  different  light  absorption 
mechanisms  observed  in  the  various  nanostructures. 

NaCI  Crystals:  Nanofocusing  in  Dielectric  Nanomaterials.  In 
the  case  of  the  ~100  nm  NaCI  crystals,  ion  ejection  is 
observed  almost  exclusively  in  the  forward  direction, 
i.e.,  the  direction  of  laser  propagation  (Figures  3a  and  4a). 
This  effect  is  the  opposite  of  what  we  expect  for  an 
opaque  macroscopic  object,  which  would  absorb  light 
primarily  on  the  illuminated  side  and  eject  material 
back  toward  the  laser.  It  is  also  different  from  what 
we  would  expect  at  laser  intensities  well  above  the 
damage  threshold,  where  the  high  electron  densities 


would  cause  the  resulting  plasma  to  act  like  a  metal, 
again  absorbing  energy  on  the  surface  facing  the  laser. 
Instead,  we  observe  that  a  ~100  nm  NaCI  crystal  acts 
like  a  lens,  focusing  the  light  onto  itself  and  forming  a 
plasma  on  the  back  side.  Of  course,  strictly  speaking, 
we  cannot  apply  the  term  "focusing"  in  this  case,  since 
geometric  optics  does  not  describe  the  interaction  of 
light  with  objects  smaller  than  the  wavelength.  How¬ 
ever,  numerous  studies  of  "photonic  nanojets"^^^^^ 
have  confirmed  the  ability  of  nanoparticles  to  concen¬ 
trate  visible  light  on  length  scales  far  smaller  than  the 
wavelength,  a  phenomenon  referred  to  as  subwave¬ 
length  focusing. 

Indeed,  our  FDTD  simulations  confirm  the  sub¬ 
wavelength  focusing  of  the  NaCI  particles,  revealing  a 
~  1 0%  increase  of  the  light  intensity  on  the  back  side  of 
the  particle  compared  to  the  front  side  (Figure  5a).  While 
this  increase  is  relatively  modest  compared  to  the 
intense  lensing  observed  in  micrometer-sized  dielectric 
particles,^®  our  experiment  is  operated  in  a  regime  very 
close  to  the  threshold  for  plasma  formation,  and  a  small 
increase  in  intensity  can  have  dramatic  effects  on  the 
highly  nonlinear  plasma  formation  process. 

TiOj  Nanodusters:  Light  Interaction  with  a  Particle  Ensemble. 
The  overall  size  of  the  Ti02  aggregates  is  similar  to  the 
NaCI  crystals  (both  are  ~100  nm).  However,  in  contrast 
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Figure  4.  Position  of  the  center  of  mass  of  the  ion  distribu¬ 
tions  for  various  nanoparticle  samples.  The  position  of  each 
dot  indicates  the  center  of  mass  of  the  photoion  distribu¬ 
tions,  and  larger  sizes  correspond  to  higher  ion  yield,  (a) 
NaCI  particles  act  as  lenses,  focusing  the  light  onto  the  back 
side  of  the  particle  and  ejecting  ions  primarily  in  the  laser 
propagation  direction,  (b)  Ti02  undergoes  plasma  forma¬ 
tion  over  the  entire  particle,  generating  plasma  explosions 
that  are  largely  symmetric  about  zero  kinetic  energy,  (c)  The 
50  nm  gold  nanosphere  samples  produce  composite  nano¬ 
structures  consisting  of  gold  nanospheres  imbedded  in  a 
dielectric  material.  A  plasma  is  preferentially  formed  in  the 
gold  nanosphere  that  explodes  outward,  ejecting  ions  in  a 
direction  that  depends  on  the  orientation  of  the  nanostruc¬ 
ture,  but  not  on  the  laser  polarization  or  propagation 
directions,  (d)  The  1 7  nm  gold  nanospheres  form  aggregate 
nanostructures  consisting  of  many  gold  nanospheres  that 
absorb  mainly  on  the  illuminated  face  and  eject  ions 
opposite  the  direction  of  laser  propagation. 
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Figure  5.  FDTD  calculations  of  the  electric  field  intensity 
inside  the  various  nanostructures.  The  laser  propagates 
from  left  to  right,  and  the  color  scale  is  in  units  of  the 
incident  field  intensity.  Plasma  formation  is  most  likely  to 
occur  near  the  regions  of  highest  electric  field,  (a)  In  the 
NaCI  particles,  the  laser  field  is  enhanced  by  approximately 
10%  on  the  side  opposite  of  the  light  source,  (b)  In  the  Ti02 
aggregates,  the  highest  electric  field  is  in  the  regions 
between  the  TiO^  particles  and  does  not  have  a  preference 
for  the  laser  polarization  or  laser  propagation  directions,  (c) 
For  the  50-nm-gold  PVP  nanostructures,  the  electric  field  is 
enhanced  substantially  near  the  surface  of  the  gold  nano¬ 
particle,  which  likely  ignites  a  localized  plasma  in  the  di¬ 
electric  material,  (d)  In  the  structures  composed  of  17  nm 
gold  nanospheres,  the  light  field  is  greatly  enhanced  in  hot 
spots  between  the  nanospheres,  and  higher  fields  are  seen 
on  the  illuminated  side  of  the  nanostructure. 


to  NaCI,  the  ion  ejection  from  the  Ti02  particles  is 
generally  symmetric  about  zero  kinetic  energy 
(Figures  3b  and  4b).  This  effect  cannot  be  explained 
by  a  difference  in  the  material  properties,  because  both 
Ti02  and  NaCI  are  transparent  materials  with  a  band 
gap  larger  than  the  photon  energy.  Given  this  similar¬ 
ity,  one  would  expect  Ti02  to  exhibit  the  same  sub¬ 
wavelength  focusing  that  takes  place  in  NaCI.  The 
different  response  can  be  explained  by  the  fact  that 
the  large  Ti02  aggregates  are  composed  of  many 
~5  nm  crystals  instead  of  a  single  large  crystal.  This 
isolation  of  individual  particles  prevents  the  focusing 
effect  that  occurs  in  NaCI  single  crystals.  Accordingly, 
our  FDTD  simulations  (Figure  5b)  reveal  considerable 
enhancement  of  the  electric  field  on  the  surface  of  the 
5  nm  Ti02  nanoparticles,  but  show  no  preference  for 
the  front  or  back  of  the  1 00  nm  aggregate.  Thus,  we  see 
that  by  simply  changing  from  a  single  crystal  to  a 
similarly  sized  aggregate  of  smaller  particles,  we  can 
completely  change  the  light  absorption  properties  of 
the  material,  even  at  a  scale  much  smaller  than  the 
wavelength  of  the  light. 

Gold  Nanopartides  of  50  nm:  Field  Enhancement  at  the 
Surface.  The  gold-nanosphere— dielectric  nanostruc¬ 
tures  are  of  particular  interest,  because  the  50  and 
17  nm  gold  nanoparticle  samples  are  identical  in 
chemical  composition  but  exhibit  vastly  different 


properties  because  of  their  different  morphologies. 
For  50  nm  gold  nanostructures,  the  ion  explosions 
are  directional,  but  the  direction  is  random  with  re¬ 
spect  to  the  laser  (Figure  3c  and  Figure  4c).  Explosions 
were  observed  in  the  direction  of  laser  propagation,  in 
the  opposite  direction,  and  in  orthogonal  directions 
with  equal  probability.  Thus,  the  direction  of  the 
explosion  is  not  set  by  the  laser,  but  by  the  spatial 
orientation  of  the  nanostructure. 

Gold  nanoparticles  are  well  known  to  enhance  the 
electric  field  at  their  surface,^^'^^^^^  and  this  enhance¬ 
ment  likely  ignites  the  plasma  formation  process  in  the 
vicinity  of  the  gold  nanosphere.  Additionally,  being  a 
metal,  the  gold  particles  already  have  conduction  band 
electrons,  which  are  freely  driven  by  the  laser  and 
absorb  energy  through  collisions  with  the  ions.  Thus, 
the  heating  of  the  gold  nanosphere  will  begin  before 
the  laser  pulse  has  reached  maximum  intensity,  in 
contrast  to  the  PVP,  which  must  be  ionized  before  it 
can  strongly  absorb  energy  from  the  laser  pulse.  Both 
of  these  effects  lead  to  a  strong  absorption  of  laser 
energy  in  the  immediate  vicinity  of  the  gold  nano¬ 
sphere,  which  leads  to  a  localized  plasma  formation. 
This  localized  plasma  creates  a  directional  ion  ejection 
in  a  direction  set  by  the  orientation  of  the  nanostruc¬ 
ture.  This  rationalization  is  confirmed  by  the  FDTD 
simulations  (Figure  5c),  which  reveal  that  the  laser  field 
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Figure  6.  Summary  of  nanoscale  light  absorption  mechanisms  revealed  through  plasma  explosion  imaging.  While  all 
particles  presented  here  have  similar  diameters  (~100  nm),  they  absorb  light  in  different  ways,  form  a  localized  plasma  in 
different  locations,  and  exhibit  different  characteristic  photoion  distributions,  which  indicate  the  light  absorption  mechanism 
for  a  single  isolated  nanoparticle. 


is  greatly  enhanced  by  more  than  200%  near  the 
surface  of  the  gold  nanoparticle. 

Gold  Nanospheres  of  17  nm:  Asymmetric  Hot  Spots.  Inter¬ 
estingly,  the  17-nm-gold— PVP  hybrid  nanostructures 
display  completely  different  behavior  than  50  nm  gold 
nanostructures;  the  ions  are  ejected  primarily  in  the 
backward  direction  (Figures  3d  and  4d).  The  difference 
stems  from  the  fact  that  the  50  nm  sample  produces 
nanoparticles  that  contain  only  one  gold  nanosphere, 
while  the  17  nm  sample  produces  PVP  nanoparticles 
that  contain  numerous  1 7  nm  gold  spheres.  Since  the 
17  nm  spheres  are  located  in  close  proximity  to  one 
another  (Figure  2d),  the  electric  field  can  be  enhanced  by 
nearly  an  order  of  magnitude  in  the  regions  between  the 
gold  nanospheres  (Figure  5d).  It  is  likely  that  the  plasma 
formation  takes  place  in  the  PVP  in  the  electric  field  hot 
spots^®  between  the  gold  nanoparticles.  The  FDTD  calcu¬ 
lations  reveal  that  these  hot  spots  are  most  pronounced 
on  the  side  of  the  aggregate  that  faces  the  laser,  suggest¬ 
ing  that  plasma  will  preferentially  form  on  this  face  of  the 
particle.  In  analogy  to  geometric  optics,  it  appears  that  the 
gold  nanoparticles  on  the  illuminated  side  are  blocking 
the  light  from  reaching  the  back  side  of  the  particle. 

Future  Directions.  In  this  study  we  focused  on  laser 
intensities  near  the  ablation  threshold,  and  conse¬ 
quently,  we  were  able  to  successfully  simulate  the  laser 
ablation  process  using  numerical  methods  that  ignore 
the  changes  in  the  material  properties  that  take  place 
at  high  laser  intensities  such  as  the  nonlinear  refractive 
index  or  the  excitation  of  charge  carriers  to  the  conduction 


band.  It  is  likely  that  such  effects  begin  to  dominate  as 
the  laser  intensity  is  increased.  Future  studies  could 
utilize  the  plasma  explosion  imaging  method  to  search 
for  these  nonlinear  effects  at  laser  intensities  well 
above  the  plasma  formation  threshold.  Indeed,  a  close 
examination  of  Figure  lb  reveals  that,  while  the  high- 
intensity  explosion  of  the  nanoparticle  ejects  ions  in  all 
directions,  it  is  not  completely  homogeneous.  Thus, 
the  plasma  explosion  imaging  method  can  likely  pro¬ 
vide  information  about  laser— nanoparticle  interac¬ 
tions  at  intensities  well  above  the  damage  threshold. 

SUMMARY 

We  have  demonstrated  a  new  technique  called 
plasma  explosion  imaging,  where  we  use  strong  fem¬ 
tosecond  laser  fields  to  create  a  localized  plasma  within 
isolated  nanoparticles  and  use  the  momentum  of  the 
ejected  ions  to  infer  the  location  of  this  plasma  within 
individual  nanoparticles.  The  location  of  the  plasma 
indicates  where  the  electric  fields  are  enhanced  in  the 
particle  and  provides  a  map  of  the  nanoscale  light 
absorption  at  laser  intensities  near  the  damage  thresh¬ 
old.  We  apply  this  novel  method  to  observing  sub¬ 
wavelength  focusing  in  NaCI,  symmetric  plasma 
formation  in  Ti02  clusters,  and  highly  localized  plasma 
formation  in  gold— dielectric  hybrid  nanostructures.  In 
the  future,  this  method  can  be  easily  extended  to  more 
complex  nanostructures  and  higher  laser  intensities, 
providing  further  insight  into  the  interaction  of  strong 
laser  fields  with  nanomaterials. 


METHODS 

Photolon  Spectroscopy  and  Aerosol  Generation.  To  perform 
velocity-map-imaging  spectroscopy  on  nanostructures  (nanoVMI), 
we  generate  a  nanoparticle  aerosol,  consisting  of  isolated 
nanoparticles  suspended  in  N2  gas.  The  aerosol  enters  a  low- 
vacuum  chamber  through  an  aerodynamic  lens'^''®  (Aerodyne 
Research)  that  collimates  the  particles  into  a  ~0.5  mm  beam, 
but  leaves  the  carrier  gas  divergent.  The  collimated  particle 
beam  passes  through  a  1.5  mm  skimmer  and  enters  the 


photoion  spectroscopy  chamber,  which  is  maintained  at  1  x 
1  O^^mbar  (base  pressure  1  x  lO^^mbar).  The  particles  are  then 
irradiated  by  an  intense  (~3  x  lO'^  W/cm^),  785  nm,  40  fs  laser 
pulse,  derived  from  a  Ti:sapphire  regenerative  amplifier 
(KMLabs  Wyvern  HE)  operating  at  1  kHz. 

The  laser  is  focused  using  a  40  cm  lens  to  reach  an 
approximate  diameter  of  20,«m,  which — considering  the  width 
of  the  particle  beam  (0.05  cm) — provides  an  interaction  volume 
of  approximately  10“^  cm^.  Because  the  density  of  the  nano¬ 
particles  is  only  ~1 0^  particles/cm^  the  hit  rate  is  ~0.01  particle 
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per  laser  shot.  The  photoions  originating  from  the  laser- 
irradiated  nanoparticles  are  imaged  by  a  velocity-map-imaging 
spectrometer,''^  which  projects  the  expanding  ion  distribution  onto 
a  detector  consisting  of  a  microchannel  plate  (MCP)  and  phosphor 
screen.  The  angular-resolved  momentum  distribution  of  the  ions  is 
then  recorded  using  a  CCD  camera  (Allied  Vision  Technologies) 
operating  at  ~1 5  Hz.  The  exposure  time  of  the  camera  is  adjusted 
to  ensure  that  each  frame  consists  of  only  one  particle  hit. 

Materials.  We  obtained  pure  NaCI  from  Sigma-Aldrich  and 
~5  nm  Ti02  nanoparticles  from  US  Research  Nanomaterials.  The 
50  and  17  nm  gold  nanospheres  were  obtained  from  Nano- 
composix.  All  samples  were  used  as  received,  except  for  dilution 
in  ultrapure  (>15  MQ  resistivity)  water.  The  liquid  samples  are 
converted  into  an  aerosol  using  a  Collison-type  compressed-gas 
atomizer  (TSI)  backed  with  30  psig  of  N2  carrier  gas. 

Transmission  Electron  Microscopy.  To  characterize  the  nanopar¬ 
ticles  probed  by  the  laser,  we  performed  TEM  on  particles 
collected  in  the  high-vacuum  chamber.  TEM  grids  were  inserted 
into  the  chamber  using  a  linear  actuator  passing  through  an 
airlock.  The  TEM  grids  were  positioned  at  the  exact  position  where 
the  laser  crosses  that  particle  beam,  and  high-velocity  particles 
were  collected  on  the  grids  for  10  to  30  s.  TEM  images  were 
obtained  using  a  Phillips  CM1 00  transmission  electron  microscope. 

FDTD  Simulations.  To  understand  the  results  obtained  with 
photoion  spectroscopy,  we  employed  finite-difference  time- 
domain  simulations  implemented  in  the  EDTD  Solutions^^  soft¬ 
ware  package  (Lumerical,  Solutions  Inc.)  to  simulate  the  inter¬ 
action  of  the  laser  field  with  the  nanoparticles.  We  simulated  the 
interaction  of  40  fs  pulses  with  a  central  wavelength  of  785  nm 
with  several  different  structures  that  are  representative  of  the 
actual  geometry  of  our  nanoparticles.  The  Ti02  particles  were 
simulated  as  a  collection  of  six  layers  of  5  nm  dielectric  spheres 
with  n  =  2.523  (the  refractive  index  of  Ti02  at  785  nm^®).  The 
NaCI  nanocystals  were  simulated  as  1 00  nm  diameter  dielectric 
spheres  with  n  =  1 .536  (the  refractive  index  of  NaCI^^  at  785  nm). 
The  gold/PVP  heterostructures  were  simulated  as  50  or  17  nm 
gold  spheres  imbedded  in  a  dielectric  sphere  with  n  =  1.4 
(the  approximate  index  of  PVP'"').  The  refractive  index  of  gold  is 
given  by  the  Palik""  model. 
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